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CTCF Elements Direct Allele-Specific
Undermethylation at the Imprinted H19 Locus
its methylation state in pooled clones by using Southern
blot hybridization analysis (Figure 1A). Strikingly, sites
located in the 5 region of this fragment failed to maintain
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Hebrew University Medical School methylation even though CpG residues further down-
Ein Kerem stream on the same construct remained highly methyl-
Jerusalem 91120 ated (50%) in the ES cell environment. These experi-
Israel ments suggest that the ICR contains cis-acting sequences
that can direct region-specific undermethylation in em-
bryonic cells.
In order to map the cis-acting sequences responsibleSummary
for this preferential undermethylation, we divided the
H19 upstream region into a series of sequential frag-The H19 imprinted gene locus is regulated by an up-
ments (C–F), cloned them into the p342 vector, methyl-stream 2 kb imprinting control region (ICR) that influ-
ated them with the mHpaII and mHhaI DNA methylases,ences allele-specific expression, DNA methylation [1],
and transfected them into ES cells (Figure 1B). Thisand replication timing [2]. This ICR becomes de novo
vector is designed to contain methyl-sensitive restric-methylated during late spermatogenesis in the male
tion enzyme sites positioned near the insertion locus,[3] but emerges from oogenesis in an unmethylated
which serve as indicators for the presence of cis-actingform, and this allele-specific pattern is then main-
sequences capable of directing undermethylation. Whentained throughout early development [4] and in all tis-
the vector itself was introduced into ES cells, the SmaIsues of the mouse [5]. We have used a genetic ap-
test sequence (subset of HpaII) remained fairly methyl-proach involving transfection into embryonic stem (ES)
ated (50%), while the initially unmodified SalI site actu-cells in order to decipher how the maternal allele is
ally underwent de novo methylation. In the presence ofprotected from de novo methylation at the time of
fragment E or F, however, these same sites becameimplantation [6]. Our studies show that CCCTC binding
highly unmethylated (80%–90%). On the other hand,factor (CTCF) boundary elements within the ICR [7, 8]
fragments C and D, which are located 1 kb downstreamhave the ability to prevent de novo methylation on the
to the ICR, were unable to induce undermethylation ofmaternal allele. Since CTCF does not recognize its
binding sequence when methylated [9, 10], this reac- the test sequence (Figure 1C). In a parallel manner, only
tion does not occur on the paternal allele, thus pre- fragments C and D underwent de novo methylation when
serving the gamete-derived, allele-specific pattern. unmethylated templates were used in the transfection
These results suggest that CTCF may play a general assay (Figure S1).
role in the maintenance of differential methylation pat- As a continuation of this genetic approach we further
terns in vivo. divided up fragments E, F, and C (Figure 2A) and by
transfection identified S1/S2 and S11 as segments ca-
pable of directing undermethylation in ES cells (FigureResults
2B). We then carried out a fine analysis of fragment
S2. To this end, small 30 bp fragments (p21–p26) werePrevious experiments showed that most DNA se-
cloned into the test plasmid, methylated with HpaII andquences become de novo methylated when inserted into
HhaI methylases, and transfected into ES cells (FigureES cells, while CpG islands and other specific promoter
3A). Although all of the fragments show some under-sequences [11] remain unmodified, mimicking what
methylation at the SmaI site in the test vector, one frag-happens at the time of implantation during normal devel-
ment (p23) was found to be capable of directing high-opment [12]. This process is apparently mediated by
factors that recognize cis-acting elements within CpG level undermethylation (70%) (Figure 3B).
islands [13]. Although the mechanism for this protection We next asked whether there are any known sequence
is not known, it has been shown that premethylated motifs located within fragment p23. A computer search
CpG islands actually become undermethylated when indicated that this short sequence indeed includes a
transfected into ES cells, suggesting that these ele- recognition site for the trans-acting factor CTCF, which
ments work either by directing active demethylation [12] has been implicated as a boundary protein [15]. In order
or by selectively interfering with local maintenance to prove that CTCF is indeed involved in undermethyla-
methylation. tion, we prepared a variant p23 fragment containing
The 3.8 kb ICR located upstream to the H19 gene has mutations in the CTCF motif that prevent binding in vitro
a GC content of 3% and is therefore not considered to (Figure S2), and demonstrated conclusively that this ab-
be a CpG island. In order to evaluate how this fragment is rogates its ability to induce undermethylation in the test
recognized in ES cells, we cloned it into the plasmid system (Figure 3B). In addition to the CTCF site located
vector p342 [14], enzymatically methylated it in vitro, on the p23 fragment, the ICR actually harbors three
stably transfected it into ES cells, and then determined other canonical CTCF motifs, including one located
within fragment S11. In this case, as well, a small 30 bp
fragment (P111) containing this CTCF element was also*Correspondence: cedar@md.huji.ac.il
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Figure 1. Demethylation of the H19 ICR in ES
Cells
(A) ES cells were transfected with plasmid
pH19 (map) in vitro methylated at HpaII(H)
and HhaI sites. The DNA was digested with
DraI/BamHI with or without HpaII, electro-
phoresed, and subjected to Southern blot
analysis with either probe 1 or 2 (see map).
Note that sites within the ICR are relatively
unmethylated (probe 1), while those at the 3
end of the H19 fragment remain significantly
methylated. This region also underwent de
novo methylation at both HpaII and HhaI sites
when the unmethylated plasmid was trans-
fected into these same cells (data not shown).
(B) Fragments C–F from the H19 ICR region
(map positions are according to accession
number AF049091) were cloned into the PstI
site of test vector p342, methylated in vitro
at HpaII (H) and HhaI (C) sites (isoschizomer
of CfoI), and transfected into ES cells. (B) DNA
from pools of clones was cut with DraI and
analyzed by Southern blot (probes 1 and 2)
for methylation at the SmaI and SalI sites in
the test vector. The size of the DraI digest
(arrow) is 880 bp for p342 alone, plus the
insert length. The smaller product (left side)
of SmaI or SalI digestion (400 bp) is the
same for each construct. Note that under-
methylation was very strong (80%–90%
based on SmaI digestion) in the presence of
fragments E or F. A background level of de-
methylation (50%) was observed using the
p342 vector itself or plasmids carrying frag-
ment C or D. Conversely, de novo methylation
(40%) at the SalI site (which is not modified
by HpaII or HhaI methylases) was observed
only for fragments C and D or p342 itself.
able to bring about undermethylation in our system (Fig- sites in fragment E by using the Sss1 methylase [16].
As shown in Figure 3C, in the fully modified state thisure 3B).
These data indicate that the H19 region contains se- fragment, as well as its derivates, S1 and S2 were unable
to undergo undermethylation in ES cells. As a control,quences that can induce undermethylation at the time
of implantation. It was thus interesting to ask why only we tested the effect of full methylation on the Aprt CpG
island element (IE), and this was found capable of direct-the maternal allele remains unmethylated in vivo. It
should be noted that the paternal ICR is initially methyl- ing undermethylation. Unlike fragment E, Sss1-methyl-
ated fragment F did undergo some undermethylationated during spermatogenesis and then faithfully carries
its methylation mark throughout preimplantation devel- after transfection but only at HpaII and HhaI sites within
the fragment itself. This may be due to the involvementopment. Since the binding of CTCF is known to be inhib-
ited by the presence of methyl groups at its recognition of cis-acting sequences other than CTCF [17].
In order to test whether the cis-acting sequences thatsequence [10], we tested whether it might be for this
reason that CTCF cannot induce undermethylation of we have identified in the H19 ICR also operate in vivo
to protect against de novo methylation, we generated athe paternal allele at the time of implantation.
In all of the transfection experiments described above, series of transgenic mouse founders containing different
fragments of the H19 ICR. In this system, vector DNAvectors were modified exclusively at HpaII and HhaI
sequences, enabling us to measure methylation states is injected directly into fertilized oocytes, thus bypassing
the germline. We have previously demonstrated that aat fixed test sites. Under these conditions, the CpG resi-
dues within the CTCF motifs remain unmethylated. In large 12 kb H19 construct remains unmethylated in cells
from transgenic founders (our unpublished data), indi-order to explore the effect of methyl groups on the CTCF
sequence itself, we in vitro methylated all of the CpG cating that this locus is indeed protected from de novo
H19 Undermethylation by CTCF
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Figure 2. Analysis of Elements Involved in
Undermethylation
(A) Subfragments S1–S12 (averaging 150 bp)
were derived from fragments E, F, and C,
cloned into the test vector p342, methylated
in vitro at HpaII and HhaI sites, and trans-
fected into ES cells. The positions of potential
CTCF elements within fragments E, C, and F
are indicated (red oval). The expected size of
the SmaI digestion product is also indicated
on the map.
(B) DNA from pools was digested with DraI
together with SmaI, ClaI (Cl), or HhaI (C) and
subjected to Southern blot analysis by using
probe 1 (see Figure 2). In each case, the fully
methylated DraI fragment is about 1.1 kb in
length. The degree of undermethylation is
based on the HhaI digest. Although a CTCF
sequence motif is also present in S4, it does
not show any appreciable undermethylation,
perhaps because it contains an element with
only weak binding activity [6].
methylation in the default state even though non-CpG define the cis-acting elements and trans-acting factors
island DNA usually becomes de novo methylated in this that control this process.
system [14]. In keeping with results from ES cells, trans- Our genetic studies indicate that there are at least
genic founders carrying the S1 fragment containing the three different cis-acting sequences involved in pro-
CTCF element remained relatively unmethylated at the tecting the maternal H19 allele from de novo methyla-
test sites, while those carrying the S3 control fragment tion. One is the CTCF site identified in fragment E. The
became almost completely modified (Figure 4). These second element must be located in fragment F. Although
studies clearly indicate that cis-acting elements in the we did not actually map this sequence, other research-
ICR are partially sufficient for protecting the maternal ers, using an experimental strategy similar to ours, have
H19 allele from de novo methylation at the time of im- already shown that an Oct1 motif located at position
plantation. 2200 (see map) can induce local undermethylation when
inserted into ES cells [17]. A third element is present in
fragment S11, and this also corresponds to a knownDiscussion
CTCF sequence. It thus appears that the region of under-
methylation on the maternal H19 ICR is generatedThe H19 ICR initially becomes modified on the paternal
through the involvement of multiple elements, each ofalelle at a late stage of spermatogenesis, while the ma-
which may operate over a region of about 300–400 nu-ternal allele remains unmethylated [3]. This pattern is
cleotides.maintained in the preimplantation embryo despite the
We propose that CTCF plays an important role in pre-massive wave of demethyation that encompasses al-
serving allele–specific methylation of the H19 ICR. Itmost the entire genome [4]. The next critical stage for
appears that all sequences in the genome are subjectDNA methylation takes place at the time of implantation
to de novo methylation at the time of implantation, butwhen the entire genome excluding CpG islands under-
recruitment of CTCF protects against this process bygoes de novo methylation. Given these conditions, the
bringing about local undermethylation. Since the mater-H19 ICR must know how to be recognized and main-
nal allele is initially unmethylated at this stage, CTCFtained in its unmethylated state even though it is not a
classical CpG island. In this paper, we have begun to can bind to its recognition sequence in the ICR and, in
Current Biology
1010
Figure 3. Fine Analysis of Elements Involved
in Undermethylation
(A) Mini fragments P21–P26 and P111 (30 bp
each) were derived from subfragments S2
and S11 and cloned into test plasmid p342,
methylated in vitro, and transfected into ES
cells as in Figure 3. The positions of CTCF
elements are marked as red ovals. Also
shown are the 30bp sequences of P23 and
its mutated analog (P23*).
(B) DNA from pools was digested with DraI
together with SmaI and subjected to South-
ern blot analysis with probe 1 (see Figure 2).
Only P23 and P111 were able to induce ap-
preciable undermethylation (70%). The mu-
tant construct (P23*) was unable to bring
about undermethylation above background.
(C) The p342 test vector containing various
subfragments (E, F, S1, and S2) was methyl-
ated in vitro by using SssI and was trans-
fected into ES cells. DNA from pooled colo-
nies was subjected to Southern blot analysis
(probes 1 and 2) after digestion with DraI (see
Figures 1 and 2) and the methyl-sensitive en-
zymes SalI, SmaI, HpaII or HhaI. Fragment
Fm shows appreciable undermethylation but
only at HpaII and HhaI sites within the frag-
ment itself (see map in Figure 1). The same
vector (p342) containing the Aprt IE [14] was
used as a positive control for undermethyl-
ation.
this way, prevent de novo methylation. The paternal Genetic support for this model was recently obtained
from targeting experiments in which nine out of the tenallele, on the other hand, emerges from the preimplanta-
tion embryo in its methylated form. Since CTCF cannot CpG residues in the four H19 CTCF elements were mu-
tated, a change that does not affect the ability of CTCFbind if the CpG residue in its recognition sequence is
methylated, this protein does not interact with the pater- itself to bind its recognition sequence. Although the ma-
ternal allele was unaffected, the paternally inherited tar-nal ICR, and it thus remains fully modified [9, 10]. Sup-
port for this idea comes from experiments showing that geted allele, while initially methylated in sperm, was
found to be hypomethylated in somatic tissues (N. Engelboth H19 alleles are protected from de novo methylation
in cloned embryos derived from primordial germ cell and M. Bartolomei, personal communication). The likely
explanation for this surprising result is that in the ab-nuclei in which the methylation pattern had already been
erased [18]. sence of CpG residues, CTCF can bind its recognition
element even on the methylated paternal allele, and this
would then act in cis to bring about local undermethyla-
tion, as predicted from our experiments.
There is now ample evidence that CTCF plays a role
in the maintenance of allele-specific methylation in the
H19 domain [19]. Genetic experiments show that muta-
tion or deletion of CTCF elements within the H19 ICR
causes this region to become abnormally methylated in
postimplantation embryos, indicating that these sites
are indeed necessary for protecting the maternal allele
from de novo methylation [20, 21]. By using reversedFigure 4. Undermethylation of the H19 ICR in Transgenic Mice
genetics on simple, well-defined substrates, we haveHindIII/XbaI fragments from the p342S1 and p342S3 plasmids were
now demonstrated that CTCF elements may also be atinjected into fertilized oocytes, and transgenic mice were identified.
least partially sufficient for directing this process.DNA was digested with DraI with or without SmaI and subjected to
Southern blot analysis by using probes 1 and 2 (see Figure 2). We It should be noted that the region upstream to the
evaluated the degree of undermethylation in seven founders con- Igf2 gene also adopts an allele-specific methylation pat-
taining S1 (7, 50%; 10, 60%; 11, 60%; 15, 25%; 23, 50%; 25, 60%; tern at the time of implantation [6]. Unlike the H19 ICR,
and 29, 50%) and five containing S3 (all showed5% undermethyla-
this non-CpG island sequence does not carry a “pri-tion). In over 20 transgenic founders tested, a similar fragment from
mary” mark. Rather, it emerges from both gametes in athe parent p342 plasmid (no insert) also shows 5% undermethyla-
tion ([14] and our unpublished data). methylated form and then undergoes general demethyl-
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